Twenty-eight strains of Rhizobium spp. were tested for their ability to grow in chemicallydefined medium lacking growth factors. Two strains, R. meliloti GR4B and Rhizobium spp. (Acacia) GRH28, were selected, on the basis of their good growth under the conditions imposed, for further quantification of the production of water-soluble vitamins (thiamine, niacin, riboflavin, pantothenic acid and biotin) in chemically defined media amended with different compounds (mannitol, glucose or sodium succinate) as sole carbon sources. Qualitative and quantitative production of vitamins in chemicallydefined media was significantly affected by the use of C sources of a different nature and the age of the cultures. Strain GRH28 produced all the vitamins analysed, and high biological levels of biotin (14 ng ml -1 culture) were detected after 6 d of culture in mineral medium amended with mannitol. Pantothenic acid was the vitamin detected in the highest amounts (up to 1 mg ml -1 of culture) in culture supernatant fluids of strain GR4B grown for 6 d with succinate as sole carbon source.
INTRODUCTION
Rhizobia are useful organisms commercially because of their agricultural application as inoculants for legumes (Buttery et al. 1992) . Competence of inoculant bacteria with native strains, and their persistence in soil, are two major factors in the success of inoculation practices (Triplett and Sadowsky 1992) . The molecular details of the plant-bacterial interaction that leads to formation of nodules have been precisely characterized in recent years (Downie 1994; van Rhijn and Vanderleyden 1995) . However, the role of these interactions with regard to successful bacterial root colonization is poorly known. Apart from the regulatory signalling role of flavonoids, the influence on rhizobial root colonization and infection of other compounds present in plant root exudates, such as carbon substrates and biologically-active substances, has been suggested although not extensively explored (Hirsch 1992) . In the same way, in addition to the liberation of the signal lipo-chito-oligosaccharides (Nod factors) by bacteria, a possible direct or indirect role of other substances produced and released by rhizobia, such as phytohormones (Taller and Sturtevant 1991; Hirsch 1992 ) and rhizosphere-specific proteins (Cubo et al. 1992) , on the success of the establishment of symbiosis has been proposed but not fully clarified.
Amongst other compounds present in plant root exudates that can exert a positive chemotactic effect on micro-organisms, vitamins influence the proliferation of beneficial bacteria in the vicinity of root systems considerably (Gaworzewska and Carlile 1982) . However, plant exudates are not the only source of vitamins in the rhizosphere, and even vitamins exuded by plants are not fully plant-synthesized but are also taken up by the root system from external sources and then released back to the soil (Azaizeh et al. 1995) . The watersoluble vitamins niacin, thiamine, riboflavine, pantothenic acid and biotin are liberated from legume roots (Rovira and Harris 1961) but are also produced at biologically active levels by most bacteria and fungi isolated from the soil, rhizosphere or plant root surfaces (Strzelczyk and Leniarska 1985; Mozafar 1994) . The higher incidence of vitamin-producing bacteria and fungi in the root region suggests the assimilation of bacterially-synthesized vitamins by plants and a direct contribution of these compounds to plant development and rhizosphere interactions (Baya et al. 1985) . The effects of exogenous vitamins on plants have been reported to be comparable with other growth regulators such as auxins (Oertli 1987) , although microbial production of water-soluble vitamins has been studied only to a limited extent and the possible role of this process on bacterial plant growth promotion is not well known (Martínez-Toledo et al. 1991; Rodelas et al. 1997) .
Rhizobial strains are often described as very demanding in their requirements for growth factors (Elkan and Bunn 1992) . Vitamin production by other soil micro-organisms can have favourable effects on the establishment of the Rhizobiumlegume symbiosis, as many rhizobial strains have been shown to be dependent on, or have their growth stimulated, by supplementation with certain vitamins, especially biotin, thiamine and pantothenic acid (Graham 1963; Elkan and Bunn 1992) . The production of thiamin, pantothenic acid and other water-soluble vitamins by rhizosphere micro-organisms such as Pseudomonas and Azospirillum has been found to be related to the potential of these bacteria to enhance N 2 -fixation and growth of legumes nodulated by Rhizobium (Derylo and Skorupska 1993; Rodelas et al. 1996) . However, very few studies have attempted to ascertain the ability of rhizobia to synthesize and release water-soluble vitamins into the surrounding media. In this paper, the production of thiamin, niacin, riboflavin, pantothenic acid and biotin by two Rhizobium strains, selected from a set of 28 strains screened for ability to grow in chemically-defined media lacking growth factors, was tested, and the effects of carbon sources present in media, and age of cultures, on vitamin production were determined.
MATERIALS AND METHODS

Strains and media
The micro-organisms used throughout this study were the 28 Rhizobium spp. strains listed in Table 1 . The chemicallydefined medium (CDM) used for all assays was a slight modification of that described by Rodelas et al. (1998) and had the following composition (g l -1 ): carbon source, 5·00; KNO 3 , 1·0; K 2 HPO 4 , 0·22; MgSO 4 .7 H 2 O, 0·10; FeCl 3 , 0·02; CaCl 2 , 0·04; Na 2 MoO 4 , 0·001 (final pH 6·8). The carbon sources used were either mannitol, glucose or sodium succinate (Sigma). Media were buffered with 50 mmol l −1 MOPS/ KOH (pH 6·8). Difco agar was used at 1·5% (w/v) when required for solid media.
Production of vitamins by Rhizobium spp. strains was assayed in supernatant fluids of broth cultures using the following auxotrophic strains: Lactobacillus plantarum ATCC 8014 for biotin, niacin and pantothenic acid; Lact. casei ATCC 7469 for riboflavin; and Lact. fermentum ATCC 9338 for thiamine. Difco vitamin-assay media were used.
Growth conditions of Rhizobium spp.
First screening. Single colonies of each strain in Table 1 were transferred from fresh cultures on plates to 250 ml Erlenmeyer flasks containing 50 ml CDM amended with 0·5% mannitol; a filter-sterilized solution containing biotin, thiamin and pantothenic acid, to give final concentrations of 0·1 mg ml -1 of each vitamin, was then added. Flasks were incubated at 28°C in a shaker (Gallenkamp INR-200, UK) with gentle agitation (110 rev min -1 ) for 72 h, and then subcultured (0·5 ml) to fresh medium and incubated for another 24 h. Cells from these 24 h cultures were collected, centrifuged at 3000 g for 30 min (4°C) and then washed twice with sterile saline (0·9% NaCl). Cell density of washed cell suspensions was adjusted to 0·5 on the McFarland scale, and 0·5 ml of the standardized inoculum was added to 250 ml Erlenmeyer flasks containing 50 ml CDM amended with 0·5% mannitol. The screening was carried out in triplicate for each strain. Cultures were kept at 28°C in the shaker. Flasks were examined for differences in growth (turbidity) after 48 and 72 h, and rated as (-), (¦), (¦ ¦) or (¦ ¦ ¦). The 72 h cultures were again transferred to fresh medium and growth re-checked after a further 72 h.
Vitamin production tests. A loopful of fresh agar slopes of strains assayed for vitamin production was transferred to 250 ml Erlenmeyer flasks containing 50 ml CDM amended with 0·5% mannitol, glucose or sodium succinate, then incubated at 28°C in a shaker (Gallenkamp INR-200) with gentle agitation (110 rev min -1 ). After two successive transfers of the cultures to fresh media, 0·5 ml of late exponential phase cultures was used to inoculate 250 ml Erlemeyer flasks containing 50 ml CDM amended with the corresponding carbon source. Cultures amended with 0·01% Difco yeast extract as a source of growth factors were used as controls for growth comparison. All cultures were incubated for 6 d under the same conditions described above. Growth curves were determined by serial dilution on 0·9% NaCl, followed by standard viable counts on tryptone-yeast extract agar plates (Beringer 1974) .
Vitamin assay procedures
Samples from broth cultures of rhizobial strains in CDM lacking growth factors and amended with different carbon sources were taken after 1, 3 and 6 d of incubation. Aliquots were centrifuged at 5000 g for 30 min in a Sorvall RC-5B centrifuge (Dupont Instruments, Wilmington, DE, USA) at 4°C, and the supernatant fluids were passed through 0·22 mm Millipore filter membranes. A 2 ml aliquot of these filtrates was added to test tubes containing 2 ml of the vitamin-assay media. All test tubes were inoculated with 0·1 ml of a stan- (Sigma) following the assay media manufacturers' recommendations.
--------------------------------------------------------------------------
Growth in CDM -----------------------------Strains 48 h 72 h Confirmation --------------------------------------------------------------------------
*Rhizobium leguminosarum bv. viceae D1A − − − * Rhizobium leguminosarum bv. viceae D15 − − − * Rhizobium leguminosarum bv. viceae F14 + + − *Rhizobium leguminosarum bv. viceae F15 − − − * Rhizobium leguminosarum bv. viceae M17 + + − *Rhizobium leguminosarum bv. viceae M18 + + − *Rhizobium leguminosarum bv. viceae O1C + + + *Rhizobium leguminosarum bv. viceae O1H − − − * Rhizobium leguminosarum bv. viceae O22 − − − * Rhizobium leguminosarum bv. viceae O26 − − − * Rhizobium leguminosarum bv. viceae Z12 + + − *Rhizobium leguminosarum bv. viceae Z13 − + + * Rhizobium leguminosarum bv. viceae Z25 + + + *Rhizobium leguminosarum bv. viceae Z26 + + − *Rhizobium leguminosarum bv. viceae Z27 + + − †Rhizobium leguminosarum bv. viceae GRA19 + + − †Rhizobium leguminosarum bv. viceae GRL19 + + − ‡Rhizobium leguminosarum bv. viceae 300 − + + § Rhizobium leguminosarum bv. viceae 3385 − − − ¶ Rhizobium leguminosarum bv. phaseoli GR12 + ++ + ¶Rhizobium sp. (Phaseolus) GRZ4 + ++ + **Rhizobium sp. (Phaseolus) PLB 112b + + + ¶Rhizobium leguminosarum bv. trifolii GRZ7 + + − §Rhizobium loti U226 − − − ¶ Rhizobium meliloti GR4B ++ +++ ++ † †Rhizobium meliloti 102F65 + ++ + ¶Rhizobium sp. (Acacia) GRH28 +++ +++ +++ ¶Rhizobium sp. (Hedysarum) GRZ13 + + − -
-------------------------------------------------------------------------
Statistical analysis
Data obtained throughout this study were analysed by multifactorial analysis of variance (ANOVA) with all interactions, using the software package STATGRAPHICS version 5.0 (STSC Inc., Rockville, MD, USA). Least significant differences (L.S.D.) were calculated at the 95% level of significance.
RESULTS
Growth of rhizobial strains in mineral media lacking growth factors Table 1 shows the results of the first screening. Nine out of 28 strains tested (32%) were able to grow in the absence of growth factors at the end of the experiment; growth of most strains under the conditions imposed was very poor after the second transfer in CDM, except for strains GR4B and GRH28 which maintained the levels of growth throughout the whole experiment. Therefore, these two strains were selected for further study of their ability to produce watersoluble vitamins.
Effect of availability of growth factors on growth of strains GR4B and GRH28
Growth curves for strains GR4B and GRH28 in the six media tested are shown in Fig. 1 . Strain GR4B clearly demonstrates a response to the presence of growth factors as a lower growth rate of the strain was always detected in chemically-defined media compared with control media with added yeast extract. No significant differences in the growth of this strain were found with regard to the substrate added as sole carbon source in control media, whereas in medium lacking growth factors, succinate allowed growth of significantly higher numbers of bacteria than mannitol. Strain GRH28 grew faster than GR4B and there were no significant differences in its growth when growth factors were absent. Growth of this strain in succinate medium was lower than in media with mannitol or glucose as sole carbon sources, either in the presence or absence of growth factors.
Production of vitamins by strains GR4B and GRH28
Strain GR4B produced thiamine, niacin, riboflavin and pantothenic acid in all media tested (Fig. 2) . After 6 d of incubation, only small amounts of biotin (less than 0·1 ng ml -1 ) were detected in media amended with sodium succinate as the carbon source (data not shown). The nature of the compound provided as the sole carbon source strongly influenced the pattern of vitamin release by this strain. The greatest quantitative liberation of vitamins to the medium by strain GR4B was produced by sodium succinate, whereas glucose promoted less vitamin production, especially thiamine and riboflavin. Generally, production of thiamine (Fig. 2a) was not strongly influenced by the age of the culture, although this vitamin could not be detected after 6 d of culture in media amended with mannitol or glucose. Niacin, riboflavin and pantothenic acid production (Fig. 2b, 2c and 2d, respectively) was significantly influenced by the age of the culture; liberation increased throughout growth, and large quantities of the three vitamins were detected in late stationary phase cultures, especially when succinate was used as carbon source. It is worth noting the high level of pantothenic acid produced by this strain, reaching values between 0·5 and 1·0 mg ml -1 culture at the end of the experiment (Fig. 2d) .
Strain GRH28 produced the five vitamins analysed in the three media tested; production was also qualitatively and quantitatively affected by the compound used as carbon source and by the age of the culture (Figs 3 and 4) . Succinate was shown to be the best carbon source for niacin production and also gave the highest values of absolute production (ng per 10 9 cells) for the other vitamins tested. However, total amounts (ng ml -1 ) of thiamine, riboflavin, pantothenic acid and biotin liberated into the culture medium were higher when mannitol or glucose were added to the culture media, as cell numbers of strain GRH28 were higher when these compounds were available as sole carbon sources (Fig. 1) . Niacin (Fig. 3b) and riboflavin (Fig. 4a) were present in the culture media in much higher quantities than those detected for strain GR4B, whereas pantothenic acid production was lower (Fig. 4b) . Under the conditions of the assay, strain © 1999 The Society for Applied Microbiology, Journal of Applied Microbiology 86, 851-858 GRH28 released high levels of biotin (over 10 ng ml -1 ) after 6 d of culture (Fig. 4c) .
DISCUSSION
Only 32% of the Rhizobium spp. strains tested in this study were able to grow in chemically-defined media in the absence of growth factors. Although vitamin requirements vary greatly between different species and biovars of Rhizobium, strains classified as Rh. leguminosarum bv. viciae and trifolii commonly require a larger number of growth factors, including the water-soluble vitamins thiamine, biotin and pantothenic acid (Graham 1963; Jordan 1984) . Many other strains respond, at least, to biotin, and only a few rhizobia are able to grow without the addition of any growth factors (Graham 1963; Elkan and Bunn 1992) . Therefore, the results of the screening described here are in agreement with previous reports on the requirements of these organisms.
In this paper, the production is reported of thiamine, niacin, riboflavin, pantothenic acid and biotin by two Rhizobium strains in chemically-defined media, as well as the clear effect of the availability of different carbon sources and the age of the cultures on qualitative and quantitative in vitro production of these vitamins. Succinate was found to be the preferred carbon source for vitamin production, most probably because this substrate is readily incorporated into the tricarboxylic acid (TCA) cycle. The effect on vitamin production of the growth conditions applied, such as nature of carbon substrates, C and N concentration and ratios, pH, temperature and time of incubation, has also been reported for many other genera of diazotrophic soil bacteria such as Azotobacter and Azospirillum (Rodelas et al. 1997) . These results may reflect the influence of the nutritional conditions found by bacteria in real soil on their ability to synthesize and release these growth regulators.
Whereas growth of strain GHR28 was unaffected by the absence of growth factors, growth of strain GR4B was significantly lower under these conditions compared with the rates obtained on control media (Fig. 1) . Strain GR4B was able to synthesize all vitamins tested in this study. This could be due either to other growth factors present in the yeast extract added to the control media, or to insufficient self- production of vitamins (e.g. biotin, which is only poorly released by this strain) to cover population demand in mineral media. Repeated sub-culture in minimal media in the absence of vitamins such as thiamine and biotin severely influences growth and carbon metabolism of Rh. etli strains, due to a reduction in enzymatic activities related to the TCA cycle (Encarnación et al. 1995) .
Acetyl-CoA carboxylase activity involved in fatty acid syn-thesis is described as being limited by the availability of biotin . Both thiamine and riboflavine are also related to membrane formation. Therefore, an adequate supply of these vitamins should enhance bacterial cell growth and division necessary for rhizosphere colonization. Biotin availability in the rhizosphere has been found to be involved in the successful colonization and nodulation of alfalfa roots by Rh. meliloti, and bacterial synthesis rather than plant supply seems to be the major source of biotin, as the wild type strain outcompeted a derived auxotrophic mutant which was deficient in biotin production . These data suggest that biotin synthesis by rhizobial strains may well be an advantage in competition for nodulation. However, construction of recombinant Rh. meliloti derivatives with multicopies of Escherichia coli biotin synthesis genes showed delayed growth and were impaired in competition for root colonization (Streit and Phillips 1996) , demonstrating the difficulties of genetic manipulation for over-production of biotin as a tool for improving agronomically-useful strains. The experiments here show that strain GRH28 is a very efficient producer of biotin, and the genes involved in biotin production by this strain should be studied further as this may offer new possibilities for the construction of biotin overproducer rhizobial strains with possible agronomic application. Rhizobium meliloti strains do not often require pantothenic acid as a growth factor (Graham 1963) and are therefore likely to produce and release it. Strain GR4B produced pantothenic acid, and very high levels of this vitamin were released into the culture medium and accumulated in old cultures for the three carbon sources tested in this study (Fig. 2d) . After 6 d of incubation, up to 1 mg ml -1 (2200 ng per 10 9 cfu) were detected in succinate medium, a rather unexpected result as this is a much larger amount than is needed by bacterial cells for the suggested metabolic function of this vitamin as part of coenzyme A. To our knowledge, no quantitative data on the synthesis and release of this vitamin by rhizobial strains have been reported before, and no possible roles of pantothenic acid in the rhizobial-legume interaction have been suggested until now. The construction of mutant derivatives of strain GR4B auxotrophic for pantothenic acid may help to elucidate the role and will be considered in future research.
Rhizobium bacteria obtain the energy for N 2 -fixation from the plant but in addition to this major necessity, they also depend on the host for other nutrients such as amino acids and vitamins, which may not always be available in sufficient quantities under natural conditions. Auxotrophy for vitamins has been described as the cause of ineffective nodule formation by some rhizobial strains, as the symbiosis could be restored by external addition of the appropriate vitamins (Schwinghamer 1970) . The requirement for growth factors varies considerably between species and strains of rhizobia, e.g. Rh. leguminosarum bv. viciae appears to be the most demanding biovar with regard to B-group vitamin requirements, whereas the ability of Rh. meliloti to grow in the absence of any growth factors has been reported many times (Jordan 1952; Sherwood 1970) . This variability in vitamin requirements among the different species and biovarieties of rhizobial strains points to a possible involvement of these substances in the development of the specific bacterial-plant interaction, either because of complementation between the bacterial needs and the specific supply of vitamins by the plant, which will favour colonization by a particular species, or because of a more active and specific part played by these biologically-active substances, such as the roles proposed for other growth regulators, e.g. phytohormones (Taller and Sturtevant 1991) . In this respect, the biotin-inducible locus bioS found in Rh. meliloti as part of an operon possibly involved in bacterial survival under starvation conditions (Streit and Phillips 1997) , suggests that plant-released biotin may act as a signal regulating expression of genes related to persistence of bacteria in the rhizosphere. Apart from the TCA cycle activities already mentioned, several metabolic processes in rhizobia are strongly affected by the availability of the vitamins biotin and thiamine, such as the regulation of poly-b-hydroxy-butyrate (PHB) synthesis and its accumulation, the excretion of amino acids and organic acids, and the pattern of protein expression (Encarnación et al. 1995 (Encarnación et al. , 1997 . It is concluded that vitamin production by rhizobial strains, and the possible involvement of these compounds in the colonization and nodulation of legumes by rhizobia, deserves more attention.
